Subliminal Perception: A Psychological Perspective
Preconscious perception without conscious awareness is a subject of interest and controversy. In this investigation, preconscious perception describes physiological or neurological processes that occur without behavioral or conscious perception, whereas perception refers to an overt behavioral response to a stimulus. Although the phenomenon of visual subliminal perception is now generally accepted (Fried, MacDonald, & Wilson, 1997; Skrandies & Jedynak, 1999) , disagreement continues to occur over the existence of subliminal perception in other sensory modalities-notably, the auditory. Evidence in favor of auditory subliminal perception is beginning to accumulate from the field of behavioral psychology. These studies have used physiological measures, such as heart rate and skin conductance levels, as indications of preconscious processing. Typical psychophysical experiments adjust the stimulus intensity-to-white-noise ratio so that the subject is unable to consciously identify any meaningful signal. The results of a study by Borgeat, Boissonneault, and Chaloult (1989) indicate that heart rate can fluctuate in response to preconscious activating suggestions, thereby supporting the notion that auditory stimulation at intensities below recognition threshold can influence physiological responses. A preconscious activating suggestion might be, for example, a word or phrase that can elicit an emotional reaction but is below the intensity threshold for perceptual identification. Similar studies using equivalent methods of evaluation have supported these findings (Chakalis & Lowe, 1992; Dixon, 1981; Kotze & Møller, 1990) . Semantic activation without conscious identification has been reviewed by Holender (1986) .
Reports of auditory subliminal stimulation are significant because they support the notion that some form of auditory processing can occur during preconscious conditions. However, the results of the aforementioned studies are open to multiple interpretations with regard to preconscious perception of auditory stimuli without conscious awareness. First, the studies generally measure a response that is only indirectly related to auditory processing, such as heart rate or skin conductance. Second, the stimulus parameters that are used in studies such as these are generally not tightly controlled. Third, these studies do not typically measure an appropriately defined behavioral threshold-for example, chance-level performance. Finally, behavioral perception is not generally measured on an individual level, so the subthreshold stimulation for one subject may be completely perceptible to another. Consequently, evoked potentials measured during the presentation of precisely controlled stimuli, in individuals with well-defined perceptual thresholds, were used to provide further insight into preconscious processing.
The concept of subliminal perception has been a subject of interest and controversy for decades. Of interest in the present investigation was whether a neurophysiologic index of stimulus change could be elicited to speech sound contrasts that were consciously indiscriminable. The stimuli were chosen on the basis of each individual subject's discrimination threshold. The speech stimuli (which varied along an F3 onset frequency continuum from /da/ to / a/) were synthesized so that the acoustical properties of the stimuli could be tightly controlled. Subthreshold and suprathreshold stimuli were chosen on the basis of behavioral ability demonstrated during psychophysical testing. A significant neural representation of stimulus change, reflected by the mismatch negativity response, was obtained in all but 1 subject in response to subthreshold stimuli. Grand average responses differed significantly from responses obtained in a control condition consisting of physiologic responses elicited by physically identical stimuli. Furthermore, responses to suprathreshold stimuli (close to threshold) did not differ significantly from subthreshold responses with respect to latency, amplitude, or area. These results suggest that neural representation of consciously imperceptible stimulus differences occurs and that this representation occurs at a preattentive level.
humans as a measure of neural activity, Fried and colleagues demonstrated enhanced neural activity during the presentation of visual stimuli that the subject had seen before but denied (did not consciously remember) having seen. This study demonstrates a clear distinction between preconscious neural activity and behavioral perception.
Subliminal visual perception has been further reported from the perspective of perceptual learning in humans. Skrandies and Jedynak (1999) used subthreshold stereoscopic stimuli to induce perceptual learning of stereoscopic targets. A significant number of the subjects not only learned to see the targets when subthreshold stimuli were used, but also had accompanying changes in the patterns of neural activation in the visual cortex, as was demonstrated by evoked potential recordings, thereby forming a connection between subliminal perception and neurological activity.
In the auditory system, preconscious learning has been demonstrated by Tremblay and colleagues (Tremblay, Kraus, & McGee, 1998) . After training, significant changes in auditory-evoked responses that did not necessarily demonstrate a change in the behavioral perception of stimulus differences were shown in subjects, thus providing physiological evidence of learning before learning was evident behaviorally. These data suggest a separation between preconscious perceptual learning and functional behavior.
Neurophysiologic Responses in Humans
Scalp electrodes permit the study of aggregate neural responses from various nuclei. Important to this investigation is a cortical auditory-evoked potential called mismatch negativity, or MMN. MMN is a neurophysiologic response that reflects the brain's representation of a stimulus change in an ongoing stimulus sequence. It is elicited by the occurrence of a physically deviant stimulus in sequence with a series of homogenous, or standard, stimuli. The standard stimulus in the sequence occurs most of the time, whereas the deviant stimulus occurs only a small percentage of the time. As such, MMN provides an objective tool for assessing some of the fundamental aspects of speech perception. It has been elicited in response to frequency, intensity, duration, spatial, and phonemic changes (Aaltonen, Niemi, Nyrke, & Tuhkanen, 1987; Kaukoranta, Sams, Hari, Hämäläinen, & Näätänen, 1989; Kraus et al., 1996; Kraus, McGee, Sharma, Carrell, & Nicol, 1992; Näätänen, 1990; Näätänen, Paavilainen, Alho, Reinikainen, & Sams, 1989; Novak, Ritter, Vaughan, & Wiznitzer, 1990) . Research has suggested that the MMN originates in thalamocortical areas of the central auditory system (Alho, 1995; Csépe, Karmos, & Molnár, 1987; Kaukoranta et al., 1989; Kraus, McGee, Carrell, et al., 1994; Näätänen & Picton, 1987) . The response is typically displayed as a negative polarity waveform centered at approximately 200-300 msec after stimulus onset. The MMN is obtained by subtracting the response to the deviant stimuli when presented in an alone condition from the response to the identical deviant stimuli when they signal a change in a sequence of standard stimuli.
Several research investigations have studied the preattentive characteristics of MMN. The response has been shown to be elicited passively and does not require attention (Näätänen, 1991; Novak et al., 1990) . These findings seem to be especially evident for changes in frequency. Frequency changes seem to be largely independent of attentional focus, suggesting that MMN has a preconscious component. MMN has furthermore been obtained in unconscious coma patients (Kane et al., 1996) and in anesthetized animal models (Csépe et al., 1987; Javitt, Steinschneider, Schroeder, Vaughan, & Arezzo, 1994; Kraus, McGee, Carrell, et al., 1994; , also supporting the preattentive characteristics of MMN.
Physiologic Responses at Discrimination Threshold
Group data elicited by pure tones suggest that MMN cannot be generated by tones below the frequency discrimination threshold (Sams, Paavilainen, Alho, & Nää-tänen, 1985) . These studies indicated that only a small MMN can be elicited at the discrimination threshold and that MMN amplitude increases as a function of the difference in frequency between standard stimuli and deviant stimuli (Tiitinen, May, Reinikainen, & Näätänen, 1994) .
Findings from this laboratory (Kraus et al., 1996; McGee, Kraus, & Nicol, 1997) suggest that, at least in children, MMN of significant magnitude can be elicited by speech sound differences that are near discrimination threshold in individual subjects. Variants of the speech stimuli /da/ that were just perceptibly different have also been shown to elicit significant MMN responses . However, the same speech stimuli were used to elicit responses in all the subjects. Thus, the relationship between an individual subject's behavioral perception and the underlying physiologic responses was not examined systematically. Nevertheless, MMN can be used as a tool to measure the electrophysiology of the cortex in response to speech stimuli that differ in minimal and well-specified acoustic features. Furthermore, these stimuli could be manipulated so that each subject is presented with stimulus pairs that are below a psychophysical discrimination threshold based on a behavioral task.
The purpose of this study was to determine whether neurophysiologic responses can occur to speech sounds that are acoustically different but not consciously perceived as different by the subject. A major goal was to provide information about the biology of sensory activity that is not consciously perceived. The results of this study also provide a more accurate understanding of the perceptual processes that the MMN response represents.
METHOD Subjects
Twelve normal hearing adult subjects (6 males, 6 females, 22-28 years of age) participated in the study. All the subjects had normal hearing thresholds (<20 dB HL for 500-8000 Hz) and no history of cognitive, learning, or attention problems. The experiments were carried out in an acoustically shielded room.
Psychophysical Experiments
Stimuli and Procedure for Behavioral Task 1. In order to precisely control the acoustic parameters of the stimuli, synthetic speech stimuli were used. Just noticeable differences (JNDs) were measured on a /da/-/ a/ continuum in which the third formant onset frequency was varied. Characteristics of the stimuli are shown schematically in spectrographic format in Figure 1 . First, second, fourth, and fifth formant frequencies do not change between stimuli. The stimuli were synthesized using a Klatt (1980) digital speech synthesizer. Along the /da/-/ a/ continuum, F 3 onset frequency was varied between 2580 and 2190 Hz in 40 steps of 10-Hz decrements. The values of the synthesis parameters between endpoints were interpolated linearly to generate the intermediate stimuli. Total stimulus duration was 100 msec.
Speech stimuli were presented binaurally at 75 dB SPL through headphones, using a parameter estimation by sequential tracking (PEST) paradigm (Taylor & Creelman, 1967) . The stimuli were presented at 75 dB SPL during all parts of the study. Thus, all the stimuli were detectable with respect to intensity. The procedure required the listener to be presented with two pairs of syllables, where the members of one pair were the same and the members of the other pair were different. The subject's task was to indicate whether the members of the first or those of the second pair of syllables were different from each other. Responses were elicited in a forced-choice format. The order of same and different pairs was randomized. During the presentation of a single syllable pair, the /da/ endpoint syllable (F 3 ϭ 2580 Hz) was always presented first and served as the anchor stimulus. This stimulus was later used as the deviant stimulus in the electrophysiological portion of the study. The same pair was composed of the presentation of two identical anchor stimuli, whereas the different pair was composed of an anchor stimulus and an acoustically different stimulus. Variation along the /da/-/ a/ continuum occurred in accordance with the PEST algorithm, starting with pairs that were easy to discriminate and moving to more acoustically similar pairs on the basis of the subject's performance until an accuracy level of 69% correct was reached. If this level could not be obtained within 128 trials, the block was coded as a failure to converge. The subjects listened to at least three and as many as five experimental blocks, depending on the consistency of their results. The JND was computed as the mean JND of the two best blocks. All the subjects converged on at least three blocks (Carrell, Bradlow, Nicol, Koch, & Kraus, 1999; Kraus, Koch, McGee, Nicol, & Cunningham, 1999; Kraus et al., 1996) .
Stimuli and Procedure for Behavioral Task 2. The premises of this investigation required an accurate assessment of which stimulus differences were indeed perceptible and of which were not perceptible. As such, an AX same-different discrimination paradigm was used, where A ϭ anchor stimulus, X ϭ variable stimulus, and the subject's task was to indicate whether A equaled or did not equal X. This task was different than the PEST task in that, instead of being presented with two syllable pairs, of which one consisted of two identical stimuli and the other consisted of two different stimuli, the subject was presented with only one syllable pair. The syllable pair was one of two types. A same trial consisted of either two identical anchor stimuli or two identical nonanchor stimuli. A different trial consisted of an anchor stimulus and an acoustically different stimulus. The subject's task was to indicate whether the two stimuli within the single syllable pair were the same or different from each other.
The stimulus set for this AX discrimination task was derived following and in conjunction with the PEST-determined JND scores so that only acoustic differences surrounding the JND were tested. That is, the stimulus continuum for this task was composed of 11 stimuli surrounding the JND (5 stimuli above the JND, 5 stimuli below the JND, and 1 stimulus at the JND). These 11 stimuli came from the same 40-step continuum used in the PEST task, in which each step represented a 10-Hz change in F 3 onset frequency. In the event that 11 symmetrical stimuli could not be obtained owing to extremely low JND scores, a minimum of 11 total stimuli were still tested, with more above the JND than below.
The anchor stimulus in the pairs of different acoustic syllables was always the /da/ phoneme with an F 3 onset frequency of 2580 Hz. The order of stimulus presentation within each trial was randomized. Pairing of the anchor (A) and different (X) stimuli occurred randomly, with the constraint that each of the 11 stimuli was paired with the anchor an equal number of times. These results were then averaged at each stimulus increment. Because each subject could theoretically have a unique JND, AX discrimination continua varied between subjects. Despite normal JNDs, some subjects had difficulty performing the AX same-different discrimination task. These subjects required the use of a stimulus continuum that included up to 16 stimuli.
Threshold determination. JND threshold was the point at which a discrimination accuracy of 69% was obtained. Using the PESTdetermined JND as an estimation, the AX discrimination task allowed refined assessment of discrimination accuracy surrounding the JND. A P(c)Max value that reflected discrimination accuracy could then be calculated.
The choice of the suprathreshold and subthreshold stimuli used in the neurophysiological experiments for each individual were based on both P(c)Max values and JNDs. A suprathreshold response was defined as the point at which no less than 70% discrimination accuracy was obtained on the AX discrimination task and that exceeded the highest valid JND. A subthreshold response was defined as the point at which no greater than 59% discrimination accuracy was obtained on the AX discrimination task and that was less than the lowest valid JND score. These results allowed the neurophysiologic parameters for each subject to be set. For example, Subject 2 obtained JNDs of 59, 47, and 66 Hz (53-Hz average), using the PEST protocol. The AX discrimination task was designed to test perception around these values. As such, stimulus pairs 1-2 through 1-12 were tested. A 1-2 stimulus refers to an anchor stimulus with an F 3 onset frequency of 2580 Hz and a variable stimulus F 3 onset frequency of 2570 Hz, whereas a 1-12 stimulus pair refers to a 2580-Hz anchor stimulus F 3 onset frequency and a 2470-Hz variable stimulus F 3 onset frequency. Table 1 lists possible stimulus numbers with their corresponding F 3 onset frequency. P(c)Max values at each of the 11 increments between and including 1-2 through 1-12 were calculated. Subject 2 showed a P(c)Max of 43.2% at stimulus increment 1-3 and a P(c)Max of 80.6% at stimulus increment 1-11. Because the 1-3 contrast both was lower than the lowest JND and had a P(c)Max value less than 59%, it was chosen as the subthreshold stimulus pair. Likewise, the 1-11 contrast was both higher than the highest JND obtained and greater than 70% P(c)Max and was therefore chosen as the suprathreshold stimulus pair.
Neurophysiologic Experiments
Stimuli and Procedure. Neurophysiological responses were obtained by using procedures that have been previously described Kraus, McGee, Carrell, & Sharma, 1995; Kraus et al., 1996; Kraus et al., 1992) . The stimuli were presented in an oddball paradigm, using the syllable /da/ with an F3 onset frequency of 2580 Hz as the deviant stimulus in all conditions. Whereas the deviant /da/ stimulus remained constant, the standard / a/ stimuli varied from subject to subject on the basis of their corresponding JND and discrimination scores. Electrophysiological responses were recorded from stimuli selected from the /da/-/ a/ continuum at suprathreshold and subthreshold intervals as described above. Presentation of the deviant /da/ stimuli (probability of occurrence ϭ 10%) occurred in a series of standard / a/ stimuli (probability of occurrence ϭ 90%). The deviant /da/ stimulus was also presented in an alone condition. Because the standard / a/ syllable varied during this experiment, the deviant /da/ syllable remained the same regardless of whether the contrast was subthreshold or suprathreshold. As such, acoustically identical deviant /da/ stimuli were used to elicit MMN in both the suprathreshold and the subthreshold conditions. Only the context within which the deviant /da/ was presented varied.
Stimulus files from a Klatt synthesizer were downloaded to a PCbased stimulus delivery system that controlled time of delivery, stimulus intensity, and stimulus sequence. This system also triggered the PC-based evoked potential averaging system and indicated whether the trial contained a standard or a deviant stimulus. The stimuli were presented in a pseudorandom sequence, with at least three standard stimuli separating presentations of deviant stimuli. Twenty standard stimuli preceded the presentation of the first deviant stimuli. To control for level of arousal and to minimize the subject's attention to the stimuli, the subjects were instructed to watch videotapes. The videotape audio levels were kept below 40 dB SPL. Speech stimuli were presented to the right ear at 75 dB SPL through headphones.
Evoked responses elicited by standard stimuli and deviant stimuli were averaged separately. A minimum of 4,000 sweeps (deviant stimuli + standard stimuli) were collected for each subject. Those subjects who were exceptionally noisy were asked to repeat the neurophysiologic portion of the study, resulting in the collection of up to 8,000 sweeps (deviant stimuli + standard stimuli). In addition, there was a deviant-alone condition in which responses to approximately 1,500 stimulus presentations of the deviant stimuli presented alone were collected.
Evoked potentials were recorded from 12 scalp locations. For all the stimulus contrasts, the forehead electrode served as the ground. Eye blink movements were recorded from the left eye by two separate electrodes. When eye blinks occurred, the evoked potential responses were deleted from the averaged response. Active electrodes were placed at locations Fz, Cz, Pz, F3, F4, A1, and A2. Temporal lobe activity was recorded by electrodes TL and TR. These electrodes were located halfway between T4 and T6 (TR) and between T3 and T5 (TL). Electrode placements are within the regulations established by the International 10/20 recording system (Jasper, 1958) . In addition, an electrode was placed on the nose to serve as a reference.
Data Analysis
Individual subject analysis. Because MMN is elicited by the deviant stimulus only when it signals an acoustic change, difference waves were computed for each subject by subtracting the response to the deviant stimulus presented alone from the response to the same deviant stimulus presented within the oddball paradigm (Kraus et al., 1995) . Likewise, a control difference wave was obtained in a condition in which no MMN should exist: the difference between responses to two (identical) standard stimuli presented immediately before the deviant stimuli.
MMN responses were identified visually in the difference waves as a relative negativity following the N100, occurring between 100 and 500 msec after stimulus presentation. Onset latency was defined as the first negative deviation from baseline, and the offset latency was the return to baseline. Onset, peak, and offset latencies of MMN were measured. MMN duration was computed by subtracting the onset latency from the offset latency. For a few subjects, there were two negative deflections from baseline. For these subjects, the total duration was computed as the sum of the duration of each negative deflection. Amplitude of onset to peak latency was measured. MMN area was computed by integrating the overall response area between the onset and the offset points.
An analysis of MMN significance in individual subjects was performed by using the Z test as a measure of significance. The suprathreshold and subthreshold conditions were compared with the control condition for significance. Z scores were calculated by comparing an individual value with the mean and standard deviation of a comparison control condition. In this case, the MMN area of each individual subject was compared with the mean and standard deviation of the area of the control difference wave. The control difference wave was obtained by subtracting the response to the standard stimuli from the response to the standard stimuli presented immediately before the rare stimuli. Because no stimulus difference occurs in this case by definition, no MMN is generated. That is, any "response" occurring in the region of interest (100-500 msec) must be spurious noise. By measuring this control condition noise, it was possible to define a "response" that a true MMN must exceed. This was accomplished by computing means and standard deviations of the various parameters (area, duration, etc.) in the control condition to establish a confidence level beyond which a response could be considered significant. Control means and standard deviations were calculated only on the basis of waveforms that showed some measurable response. That is, responses showing no measurable waveforms (zeros) were excluded. This is a conservative method for determining whether a real response occurred, because inclusion of waveforms with no response would have made the criteria for a true response more lenient.
Group data analysis. The data were also analyzed across subjects. For both the suprathreshold and the subthreshold stimulus conditions, each subject's data were used to compute means and 1  2580  11  2480  2  2570  12  2470  3  2560  13  2460  4  2550  14  2450  5  2540  15  2440  6  2530  16  2430  7  2520  17  2420  8  2510  18  2410  9  2500  19  2400  10  2490  20  2390 standard deviations of group MMN onset, offset, duration, amplitude, and area. For each of these parameters, t tests were performed in order to compare the suprathreshold, subthreshold, and control conditions. Amplitude and latency of P1/ N1 group responses were also analyzed. P1/ N1 responses during suprathreshold stimulation and subthreshold stimulation were compared by using the t test.
In addition, grand average responses were computed across subjects for the subthreshold, suprathreshold, and control conditions. A point-to-point t test was used to denote the portion of the waveform that was significantly different from zero (Kraus et al., 1995) . This type of analysis has the advantage of avoiding subjective identification of peaks.
RESULTS

Behavioral Analysis
JND results and P(c)Max values for individual subjects are presented in Table 2 . The table indicates the highest, lowest, and average JND responses that were obtained by each subject. JND scores are reported in hertz and refer to the F 3 onset frequency difference between the anchor /da/ stimulus and the variable / a/ stimulus. P(c)Max values of the subthreshold and suprathreshold stimuli that were used in the electrophysiological portion of the study are also reported. The average P(c)Max value for the subthreshold condition was 50.8, indicating chance discrimination (chance discrimination ϭ 50%). The average P(c)Max value for the suprathreshold condition was 74.5, indicating an adequate ability to distinguish the stimulus pairs. Stimulus pairs used for each subject are also reported in Table 2 . Table 1 indicates the stimulus F 3 onset frequency that is represented by each stimulus number. All of the stimuli selected for each subject follow the criteria established in the Method section of the study.
Electrophysiological Group Analysis
Mismatch negativity group analysis. Figure 2 shows the grand average responses to the standard stimulus and the deviant stimulus for the suprathreshold condition (top), the subthreshold condition (middle), and the control condition (bottom). In each panel, the top thin trace is the response to the deviant stimulus when presented alone, the thick trace is the response to the deviant stimulus when presented in the oddball paradigm, and the bottom trace represents the grand average MMN difference wave. The difference wave is obtained by subtracting the response to the same stimulus presented in both the alone and the oddball conditions. Boxed regions beneath the difference wave denote the portion of the wave that is significantly different from zero [t(11) ϭ 1.81, p < .05]. A significant MMN is clearly shown in both the subthreshold and the suprathreshold conditions. A similar analysis was performed on the control (standard stimulus Ϫ standard stimulus) condition. No regions of significance were found.
Average responses and statistical measures of latency, amplitude, and area are shown in Table 3 . Table 4 provides parametric t tests of area, latency, and amplitude, comparing the suprathreshold and the subthreshold conditions with each other and with the control (same stimulus). All calculations comparing the subthreshold condition with the control and the suprathreshold condition to control were significant ( p < .05). Although the peak area and peak amplitude were greater and the average duration was shorter for the suprathreshold condition than for the subthreshold condition, no significant differences between these two conditions were found.
P1/N1 group analysis. P1 and N1 responses to the frequent / a/ stimuli were recorded during both stimulus conditions. There were no significant differences between P1/N1 parameters elicited by the different /ga/ stimuli [t(11) ϭ 1.81, p < .05] or between the responses to /da/ in the deviant conditions (Figure 2 ). Parameters measured were the latencies of the P1 onset and the N1 onset and P1 to N1 latency. Amplitude measures from baseline to P1 and from P1 to N1 were also analyzed. 
Electrophysiological Individual Subject Analysis
Suprathreshold and subthreshold conditions versus control. An analysis of MMN significance in individual subjects is found in Table 5 . A Z score was used as a measure of individual MMN area significance. Significant MMN [Z(11) > 1.96, p < .05] was detected in all the subjects in the suprathreshold condition and all but one subject (Subject 7) in the subthreshold condition. The MMN response is typically evident in the response to the deviant stimulus approximately 200-300 msec following stimulus presentation. All of the figures shown and calculations performed with respect to the electrophysiological analysis are taken from data collected at the Fz electrode. This was representative of activity that occurred at other electrode locations.
Subthreshold condition versus suprathreshold condition. Individual subject MMN area, duration, and amplitude are shown in Figure 3 . For each parameter, suprathreshold and subthreshold data are shown next to each other. Figure 4 depicts individual onset and offset MMN responses for both conditions. Graphic representation of all the parameters does not show any significant differences between suprathreshold and subthreshold conditions.
DISCUSSION Preconscious Auditory Perception
This study clearly demonstrated that neural responses can be obtained to stimuli that are not consciously discriminated. This suggests that fine-grained auditory processing can occur in the absence of conscious perception of stimulus differences. That is, the brain may produce a code of subtle sound changes that cannot be behaviorally discriminated. Put another way, this code cannot be read at higher levels of sound processing in the brain and therefore remains subliminal. Thus, behavioral perception does not necessarily match the preconscious neural representation of the same physical stimulus event. Overall, the findings imply that sensory processes may be more precise than we think (i.e., better than one is consciously aware of ).
The existence of nervous system representation of subliminal sensory events is relevant to our understanding of perception in general. For example, it is likely that the integration of perceptual information as a unitary auditory event or object depends on subliminal perceptual processes. The results here support previous findings allud- Figure 2 . Grand average responses to suprathreshold (top), subthreshold (middle), and control (bottom) conditions. In the suprathreshold and subthreshold graphs, the top thin trace represents the response to the /da/ deviant stimulus presented alone. The middle thick trace represents the response to the /da/ deviant stimulus when presented in the oddball paradigm. The bottom difference wave was obtained by subtracting the response to /da/ deviant alone from /da/ deviant when it was the deviant stimulus in the oddball paradigm. Significant mismatch negativity differences are indicated by the boxes under the difference waves [t(11) ϭ 1.81, p < .05]. ing to the existence of a neural representation of stimulus events that are not consciously perceived or remembered (Fried et al., 1997; Holender, 1986; Tremblay et al., 1998) . The data also suggest that it may be possible to access this information with training that improves perception (Tremblay et al., 1998) . A potential limitation of this study is that our determination of a subthreshold contrast is limited by the sensitivity of the task used. It is possible that other psychophysical tasks might have revealed sensitivity to stimulus contrasts that our 4IAX and AX tasks masked. (For performance differences across various psychophysical testing paradigms, see Macmillan & Creelman, 1991 .) It may be that, under certain test conditions, our subthreshold stimulus pairs were in fact behaviorally discriminable. Nevertheless, it was critical for our study that the behavioral and physiologic test paradigms were well matched, and this requirement was met by the behavioral tasks we used.
Furthermore, there are several reasons that lead us to say with confidence that the subjects with relatively good psychophysical performance (who might have perceived the subthreshold stimuli) were not responsible for the overall effect. There is no rank-order correlation between the subthreshold z scores from Table 5 and the subthreshold P(c)Max from Table 2 (ρ Ϫ .073, p ϭ 0.81). All but one subject showed significant physiologic responses in the subthreshold condition (Table 5) , and an analysis of the subthreshold grand average neurophysiologic data minus the subjects with A-X scores in the 56%-57% range continued to produce a significant MMN. Thus, it is not the case that the subjects with the best perception of the subthreshold stimuli had larger MMNs that exaggerated average subthreshold MMN across all subjects.
This investigation is consistent with the notion that the neural generators responsible for the MMN are not necessarily linked to conscious perception (Näätänen, 1991) . It is highly unlikely that listeners were attending to the auditory stimuli during MMN testing. The stimulus contrasts under investigation were barely detectable (or not detected at all) in the quiet, controlled environment of the psychophysical experiment in which the subject's task was to carefully attend to the stimuli. During MMN recording, not only was the subject's attention distracted by the video (which was inherently more interesting than the speech syllables), but subjects listened to the soundtrack of the video, which further mitigated against the subject's attending to stimulus differences during physiologic recording. Furthermore, test-retest of MMN shows little change (Escera & Grau, 1996; Frodl-Bauch, Kathmann, Moller, & Hegerl, 1997; Pekkonen, Rinne, & Näätänen, 1995; Tervaniemi et al., 1999) , making it un- Note-Area data are used as the measure of significance in this analysis. Z scores greater than 1.96 (boldface) are significant. likely that passive exposure to the stimuli caused the brain to respond to stimuli to which it was previously (behaviorally) unresponsive. Consequently, MMN provides a way to probe preconscious auditory sensory processes in humans. This contrasts with other neurophysiologic reflections of stimulus differences, such as P300, which occur only in representations of stimulus differences that people can hear (Hoffman, Houck, MacMillan, Simons, & Oatman, 1985; Lang, Lang, Heise, Deecke, & Kornhuber, 1984) .
Some studies have suggested that MMN is a necessary but not a sufficient component for conscious perception of a stimulus change (Näätänen, Gaillard, & Mantysalo, 1978) . However, it has been documented that some individuals do not have MMN despite behavioral perception of the stimulus change used to elicit the representation, suggesting that conscious perception of acoustic stimulus differences may not require whatever processes are responsible for MMN generation . It is important to realize that MMN and behavioral responses to the same signals represent different aspects of signal processing, the former being preattentive and neurobiological, whereas the latter involves the conscious integration of perceptual information. Nevertheless, biological and perceptual processes that govern how we hear speech may be better understood by understanding how preattentive neural processes and conscious perception are related to one another.
Suprathreshold and Subthreshold Mismatch Negativity Similarity
The MMN is thought to be an extremely sensitive neurophysiologic response to physical stimulus differences in complex speech signals Sams et al., 1985; . The results of the present study support this statement. As was expected, the suprathreshold condition produced significant MMN with respect to duration, amplitude, and area. It was not necessarily expected, however, that a subthreshold response of similar duration, amplitude, and area as the suprathreshold response would be elicited. Several explanations might explain the similarity between the MMNs obtained in the two conditions. First, P3a is a response that, like MMN, is elicited by stimulus change at approximately 300 msec poststimulus (Escera, Alho, Winkler, & Näätänen, 1998; Polich, 1988; Squires, Squires, & Hillyard, 1975) . P3a has been shown to be a graded response that increases in magnitude as stimulus differences increase (Comerchero & Polich, 1998) . Because P3a is a positivity and MMN is a negativity, these responses may have a canceling effect on each other. On account of its greater stimulus difference, the suprathreshold condition would be most affected by P3a, thereby producing reduced MMN, resulting in the apparent similarity in suprathreshold and subthreshold responses. Some studies have shown that increasing the magnitude of stimulus deviation results in a MMN that is shorter in duration and larger in area (Näätänen et al., 1989; Novak et al., 1990; Sams et al., 1985) . The results of the present study show a similar trend in these parameters, although they fail to show significant differences.
Alternatively, the similarity between suprathreshold MMN and subthreshold MMN may indicate that nearthreshold stimuli produce similar responses. Even for subjects who had a high perceptual threshold, the subthreshold and suprathreshold stimuli differed by no more than 120 Hz. For some subjects, the stimulus differences were as small as 60 Hz. It is conceivable that because the suprathreshold and the subthreshold stimulus pairs used were not very different from each other, the resulting MMNs were not very different from each other. Furthermore, the response similarity might not have been a function of perceptual ability but, rather, a function of the physical similarities of the stimulus conditions. Sharma et al. (1993) reported similar MMNs to phonemes that were across and within categorical boundaries, even though the two phonemes differed in identical magnitudes of F 3 onset frequency. That is, the behavioral experience of the subject played an insignificant role in the magnitude and duration of MMN. The findings of the present study support those obtained by Sharma et al. in terms of behavioral experience and MMN magnitude.
For future consideration, one might wish to design a study using a paradigm similar to the present study, with the addition of stimulus pairs that differ by the same amount as the suprathreshold and subthreshold conditions but that are both perceptually different from the anchor stimuli. So, for example, when an anchor stimulus of 2580 Hz is used and subthreshold and suprathreshold stimuli are determined to be 2530 and 2430 Hz, respectively, the difference between subthreshold and suprathreshold stimuli is 100 Hz. Recording the same response at 2330 Hz might help determine how the measured responses are related to the physical properties of the stimulus and whether the conscious threshold of perception was influencing the responses. If it can be shown that the similarity in the stimulus pairs used accounts for the MMN similarity, one might speculate as to what significance the perceptual threshold has in terms of the MMN. That is to say, MMN production might be independent of behavioral experience, including conscious perception.
P1/N1 Effects
It is also worth mentioning that P1/ N1 parameters elicited by the different /ga/ stimuli were not significantly different. This result is important because it supports the notion that the neural generators responding to the intrinsic acoustic properties of the stimuli (separate from stimulus change) were similar in both conditions, thereby suggesting that MMN production was not biased by unequal N1 responses. Moreover, the fact that MMN was obtained to stimulus change, whereas P1/ N1 was not, is consistent with the notion that intrinsic acoustic characteristics and acoustic change are represented by distinct neural pathways and that N1 and MMN reflect different processes (Escera et al., 1998; Näätänen & Picton, 1987; Sams, Kaukoranta, Hämäläinen, & Näätänen, 1991) .
Clinical Relevance
Because it is possible to obtain a neurophysiologic reflection of preconscious processing of stimulus differences, one can record sensory perception below the level of that one can consciously perceive. The results provided here indicate that sensory perception may be better than we are consciously aware. The ability to access this nervous system event may provide a way to monitor brain changes throughout the course of behavioral training. This could be useful when training nonnative speakers to understand fine acoustic differences in a foreign language (Bradlow, Pisoni, Akahane-Yamada, & Tohkura, 1997; Flege, 1995; Jamieson & Morosan, 1986; Logan & Pruitt, 1995; Strange & Dittmann, 1984; Tremblay, Kraus, Carrell, & McGee, 1997) or when assisting individuals with learning disabilities to discriminate fine acoustic differences (Godfrey, Syrdal-Lasky, Millay, & Knox, 1981; Kraus et al., 1996; Tallal & Stark, 1981; Werker & Tees, 1987) . Moreover, because MMN appears to reflect a preconscious neural representation of stimuli, it might be expected that in an individual who did not have this neurophysiologic response to stimulus change, the neural mechanisms leading up to preconscious processing would be faulty, and not necessarily those mechanisms that take a preconscious signal and allow it to become a conscious event. As such, a clinician treating a disorder manifesting from a faulty MMN-generating system might be better able to pinpoint the neural processes responsible for the disorder.
When using any measure of evaluation, it is important to have values that represent the normal expectations of the measuring device. In this respect, this study is significant because it has helped determine what sort of response one might expect when the psychophysical limits of any single individual are reached.
Future Research
When two acoustically identical stimuli are presented to a subject, MMN does not occur. Some sort of perceptual limit must therefore exist. That is, there must be some point along the continuum between the subthreshold stimulus differences used here and the point at which they become identical at which the neural representation of physically different stimuli ceases to exist. It might be interesting to investigate how far below threshold one must go before a physical difference fails to be represented by the central nervous system. Likewise, the point above threshold at which the neurophysiologic response becomes larger with increasing stimulus differences would also be interesting to determine. These studies might help clarify the relationship between the behavioral (conscious) discrimination threshold and the threshold of stimulus differences by which neurophysiologic representation of stimulus change is dictated.
CONCLUSION
This study indicates that (1) neural representation of consciously imperceptible auditory stimulus differences can occur, (2) stimulus differences that are below discrimination threshold produce MMN responses that are similar to responses elicited by stimuli that are just above discrimination threshold, and (3) it is possible to access neurobiologic processes that are largely independent of conscious perception in order to probe preconscious auditory perception in humans.
